Introduction
Special hyperbranched, arborescent graft, or hyperbranched-co-star polymers which e.g., degrade thermally at a certain temperature can be used as pore forming templates or porogens in a temperature-stable matrix [1] . This can lead to nanoporous materials which are, e.g., of interest in chromatography and for the formation of aerogels and xerogels. Hence, Boury et al. [2] described the use of dendrimers and arborols with carbosilane cores for the preparation of hybrid xerogels. In this regard, Muzafarov et al. [3] studied the degradation behavior of hyperbranched poly(bis(undecenyloxy)methylsilane)s.
Nanoporous polymers with low dielectric constants are also of high interest as novel insulating material for interlayer dielectrics (ILD) or intermetal dielectrics (IMD) [1, [4] [5] [6] . The speed of high end integrated circuits is to a significant amount limited by the resistance and especially by the capacity of the interconnection lines. Decreasing the dielectric constant of the insulating material in which the conductor lines are embedded helps significantly to enable the aggressive speed projections of semiconductor manufacturers [17] .
Until recently, essentially all on chip interconnects were fabricated by a subtractive structuring of aluminium as conductor material and the application of silicon dioxide (ε r = 4.0) as dielectric over the existing metal lines. To reduce the resistance of the conductor material, the IC industry is currently replacing aluminium by copper, which requires also the introduction of the dual damascene processing, where the copper is inlaid into the patterned dielectric layers, and chemical mechanical polishing (CMP) is used to perform the conductor isolation (compare Scheme 1). Up to seven layers of interconnect with a minimum wire width below 0.25 µm are realized today. Further miniaturization implies smaller line cross sections and even closer line to line distances, creating problems of a too high interconnect capacitance, danger of crosstalk, and too high power dissipation. This can only be solved by reducing the insulator dielectric constant. Two approaches are under investigation. One is based on a modification of SiO 2 by incorporating fluorine or carbon, the other is the use of organic dielectric materials (polymers). So far one can achieve ε-values of 1.9 -3.7 [4, 6] with solid bulk polymers. A further reduction of the dielectric constant is possible by the introduction of small pores into the bulk material creating nanoporous polymers with even lower dielectric constants for use as novel interlayer or intermetal low dielectric constant material (ILD or IMD, Scheme 1) [1, 5, 7] . Already realized porous systems have reached dielectric constants from ε r = 2.1 to 2.6 [7, 8, 9 ] to close to 1 as found for aerogels [10] . The decrease of ε r is given by the inclusion of air filled cavities which have been formed by a degradable star or dendritic polymer or by phase separated block copolymers with labile segments [1, 5, [7] [8] [9] [10] [11] [12] [13] .
A major problem of inorganic nanofoams (aerogels) is their processability and the compatibility with the integrated circuits process steps (mechanical stability, adhesion, stability towards CMP process or selective etching). By the use of labile polymers as pore forming material in a stable polymer matrix, it should be possible to introduce porosity into ILD polymers already being used for microelectronics, and thus further reduce the dielectric constant but retaining the ease of processability and an uncomplicated implementation into existing technologies. Important requirements for the success of the concept for the fabrication of "low-k" 1 ILD material is a high compatibility of the hyperbranched polymers -or any globular 1 The technical term low k corresponds to the more scientific expression low ε. shaped polymer -with the matrix polymer to achieve a molecular dispersion or a extremely good control of the phase separation process of the globular molecules. Only in this case, pore sizes below 10 nm might be achieved after complete decomposition of the labile molecules into volatiles (Scheme 2), a necessary requirement when the interconductor distance reaches values below 150 nm. The matrix polymer has to be high temperature stable with no softening while the degradation of the globular molecules takes place. Otherwise, the pores will collapse. For porous low-k materials, the matrix itself should exhibit already dielectric constants below 3, and the content of the pore forming material should exceed about 15% but remain below 30% for avoiding interconnection of the formed voids. Furthermore, there exist many other requirements for polymers as dielectric materials in multilayer interconnect applications which correspond to the conditions of the processing of chips, e.g., high temperature stability, low leakage current, high breakdown voltage, low metal migration into the polymer [14] , good adhesion to metal and barrier layers, etching selectivity, low water absorption, chemical mechanical polishing compatibility [15, 16] , etc.
Scheme 2: Template approach towards nanoporous polymers
Polyimides, fluorinated polymers, polyarylates, but also spin-on glasses (mostly based on silsesquioxanes) have been studied as polymeric low-k materials [4, 6] and some of them, especially polyimides [8] , poly(methylsilsesquioxane) [4, 5] (leading to the development of DendriGlas at IBM) and DVS-BCB (divinylsilane-benzocyclobutane) have also been used already as matrices for porogens. The last two materials are used as oligomeric precursors and have to be vitrified thermally after spincoating from organic solution to reach a high-T g crosslinked polymer which can stabilize the pores. Spin-on glasses, however, lack sufficient toughness at the targeted low-dielectric constant. One of the most recent developments in the field of organic interconnect material is SiLK [6] , developed by Dow Chemical Company. Recently, Dow Chemicals announced the preparation of a porous SiLK with pore sizes of < 20 nm whereas SOD (silsesquioxanes, spin-on-glasses) suppliers such as JSR, Asahi Chemicals and Shipley have used different template approaches to prepare porous SOD with small pore size (5 nm) [7] .
However, one has to state that up to now the interconnect materials necessary to fulfill the "Technology Roadmap for Semiconductors" [17] looking for insulator materials with dielectric constants below 1.5 (comparing to an interconnect distance of 70 nm) in 2009 are still far from being realized.
Results and discussion
We choose functional hyperbranched polymers containing thermally labile units as possible porogens. Our intention was to study whether those irregular globular molecules which exhibit a broad molar mass distribution might also be suitable to form small pores in a matrix as compared to relatively well defined dendrimers or star type polymers. For this, a hyperbranched polymer (HBP) with labile triazene units in each repeating unit (P1) was synthesized [18] . Linear polymers containing triazene units in the main chain have proven to be very suitable for polymer ablation processes. They decompose rapidly upon laser irradiation without leaving solid residues [19, 20] .
For the preparation of hyperbranched poly(triazene ester)s, a low temperature polycondensation of triazene containing AB 2 monomers (e.g., 1-(carboxyphenyl)-3,3-di(2-hydroxyethyl)triazene, M1-p) was performed at neutral pH (Scheme 3) to avoid undesired early degradation of the labile units. Polymers with number-average molar masses M n up to 8000 could be achieved. The substitution pattern at the aromatic ring in the monomer was varied (P1-m-OH and P1-p-OH). Details on the synthesis have been published recently [18] . Scheme 3 shows the linear structural repeating unit for P1-p-OH and a schematic representation of the branched polymer structure. The structure of the hyperbranched polymers was studied in detail. NMR analysis revealed a statistical degree of branching of 50%. The triazene unit exists in two isomeric forms with the double bond located either next to the aromatic ring or in 1,3-dipolar structure with the double bond next to the aliphatic chain as can be verified by Raman spectroscopy [21] .
The hyperbranched polymer is very well soluble in polar solvents as expected for a branched structure with polar end groups. However, the high polarity does not provide solubility in solvents also suitable for linear high temperature stable polymers selected as matrix polymers. Therefore, an end group modification was performed to adapt the polarity and solubility and to increase the compatibility of pore forming agent and matrix polymer. For this, P1-OH was redissolved in abs. N,N-dimethylformamide (DMF abs. ), triethylamine was added as base, and the polar OH end groups have been reacted with tert-butyldimethylsilyl chloride at room temperature. It was also possible to modify P1-OH directly in the polycondensation medium without preceding isolation of the hyperbranched polymer. For this, directly after the polycondensation was finished, the reaction mixture was filtered first to remove the formed urea, then triethylamine and tert-butyldimethylsilyl chloride was added. Finally the resulting polymer (Scheme 4, P1-silyl) was precipitated into ice water and after isolation extracted with methanol and dried in vacuo. The degree of branching was not influenced by this procedure and remained at about 50%.
Scheme 4
The degree of modification was in the range of 95% independent of the method of modification, meaning that nearly all polar hydroxy groups were converted to the much less polar tert-butyldimethylsilyl groups. This resulted in enhanced solubility of the hyperbranched polyester in less polar solvents like chloroform, ethyl methyl ketone or mesitylene. The silyl protecting groups are quite stable and no hydrolysis was observed during work up in ice water and in the absence of acid.
Important for the attempted application is a feeling for the size and shape of the synthesized hyperbranched polymers. Therefore, we used molecular modeling by a force field approach for one selected hyperbranched poly(triazene ester) P1-p-OH molecule having 20 repeating units corresponding to a M n of 4700 g/mol and a degree of branching of 50% (randomly distributed). The molar mass corresponds roughly to that of the sample primarily used later (after silylation) for incorporation in matrix polymers. An exact comparison of molar masses is difficult since we used gel permeation chromatography (GPC) for molar mass determination which does not lead to absolute values for hyperbranched polymers. Fig. 1 shows the result of the modeling.
From the modeling results we can conclude that isolated hyperbranched polymer molecules have roughly a diameter of approximately 4 -8 nm in the extented form and the shape is not dense and globular but more open and disk like. Interactions in solution or in a matrix polymer were not incorporated in the modeling so far.
For the studies of hyperbranched polymers in a matrix, we used mainly P1-p-silyl with a molar mass of 4100 and M w /M n of 1.8 (GPC results). From the modeling results and from the relatively broad molar mass distribution of our hyperbranched polymers, we have to expect that no regular pores will be formed in any matrix after degradation of our hyperbranched polymers, with the exception when a defined phase separation on the nanometer level occurs. Nevertheless, it should be possible to create irregular voids which can lead to a decrease of the dielectric constant. 
Photochemical decomposition
The photochemical decomposition of the triazene units in the hyperbranched polymers was studied in solution and in polymer films. The triazene unit shows a strong absorption corresponding to the π-π* transition between 270 to 350 nm with absorption coefficients of about 24 000 L/(mol·cm) in the monomers and 14 000 L/(mol·cm) in the polymers. Fig. 2 shows the decrease in absorption of P1-p-OH in DMF solution upon irradiation with a mercury-xenon UV lamp. The decrease of the absorption of the chromophore (Fig. 3 However, the substitution pattern at the aromatic ring system has a considerable influence on the decomposition rate. When the triazene unit is in meta position with regard to the acid or ester substituent, the decomposition is at least twice as fast compared to the para-substituted structure. Nevertheless, in general the photochemical decomposition is relatively slow with t 1/2 values between 6 and 48 min. For the planned application as porogen in thin polymer films it is of interest how the polymers degrade photochemically in bulk. We expected a fragmentation in small and thus volatile decomposition products as it was observed for linear polytriazene in laser ablation application [19] . However, only the light of a classical UV lamp was used in our case and no high power UV laser. For this study we prepared thin polymer films (about 100 nm) by spin coating from DMF solution on silicon wafers. The film thickness was evaluated by optical ellipsometry. Subsequently, the film was irradiated for a defined time (up to 20 min) on a spot of about 1 cm 2 by a mercury(Xe) UV lamp applying an IR filter to remove the hot fraction of the light. The decrease of layer thickness was measured consecutively again by ellipsometry (Fig. 4 for P1-psilyl) . The homogeneity of the films was studied before and after irradiation by light microscopy using polarizing filters. Fig. 4 . Decrease of film thickness upon UV irradiation (Hg(Xe) lamp, 100 mW) for P1-m-silyl (•) and P1-p-silyl (■). Determination of changes in film thickness by ellipsometry and visual observation by light microscopy: left before and right after irradiation (the dark spot on the light microscope picture corresponds to a dust particle incorporated upon film preparation)
As one can see in Fig. 4 , the film thickness decreased constantly and after about 20 min more than 50% of the film has vanished. The films did not become heterogeneous and no large defects were visible. Also no debris could be observed as result from non-volatile decomposition products. Therefore, we concluded that UV irradiation under those conditions results in degradation of the hyperbranched polymers in small decomposition products which evaporate. Even though in solution the meta substituted polymer decomposed remarkably faster than the para substituted sample, the loss of film thickness is similar for both polymer bulk films with even a slightly faster process for P1-p-silyl.
Thermal decomposition
Triazene groups can be decomposed also thermally at temperatures above 160 to 200°C [19, 20] . We reported already that our triazene monomers and the corresponding poly(triazene ester)s P1-OH start to decompose at about 130°C (monomers) and 165°C (polymers), respectively, in a two step process with about 20% weight loss below 200°C and a second major weight loss above 500°C [18] . The silylated polymers P1-silyl show a similar decomposition behavior (Fig. 5) , however, the major decomposition step starts at about 180°C and about 50 -60% weight loss are obtained at 250°C. We assume that in this case the weight loss is larger in the first step due to the additional silyl groups which also decompose in this temperature range.
Isothermal measurements give the best information on how fast thermal degradation proceeds. In microelectronic multilayer systems often annealing steps are involved in the temperature range of 250 to 300°C (e.g. curing of packaging layers). Thus we studied the degradation process isothermally at 250°C. Fig. 6 shows that the silylated hyperbranched polymer lost about 50 wt.-% after about 15 min at 250°C. This corresponds to the weight loss of the first degradation step in Fig. 5 . It is interesting to note that in thermal decomposition no major effect of the substitution pattern could be observed. 
Matrix incorporation
As pointed out in the Introduction, the homogeneous (molecularly dispersed) incorporation of the labile branched template polymer into a stable matrix polymer as well as the selection of the right matrix polymer are crucial for the success of the concept of nanofoams for microelectronic approaches. We selected first some thermally stable poly(imide)s and poly(amideimide)s as matrix polymers (Scheme 5). Miscibility of the polymers was tested by dissolving the two components in a common solvent and preparing thin polymer films by spin coating. First evaluation of the films was carried out by light microscopy using polarizers to see inhomogeneities and also crystalline areas; in a next step, atomic force microscopy (AFM) was carried out to determine phase separation on a smaller scale and surface roughness.
Scheme 5
One major problem was to find a common solvent for the matrix and the hyperbranched component. This was solved as explained earlier by reducing the polarity of the hyperbranched polymers via silylation of the OH terminal group. In the screening phase we included also additional matrix polymers such as polysulfones and poly(pphenylene oxide), but extensive phase separation on the micrometer scale was observed in mixtures with P1-OH or P1-silyl. A 1:1 mixture of PI and P1-p-OH gave an apparently homogeneous film under light microscopy, but AFM measurements revealed that PI formed hard particles of about 100 to 150 nm covered by a film of P1-p-OH resulting in a very rough surface and therefore no molecular mixture of the two polymers was obtained. Similarly, no good mixture could be achieved with PEI.
However, with PAI as matrix it was possible to achieve thin polymer films of a 1:1 mixture with P1-m-silyl prepared from methyl ethyl ketone (MEK) or DMF which appeared to be very homogeneous in light microscopy and AFM, and the film roughness determined by AFM was in the few nm range [22] . This system looked very promising for further studies. Fig. 7 shows a light microscopy picture of a thin film of the mixture which was irradiated through a transmission electron microscopy (TEM) net to achieve a structured material. The decomposition of the triazene chromophores can be followed as change in the color of the film. AFM studies on the irradiated and non-irradiated areas proved that the film was not destroyed by the irradiation, no major defects, holes or irregularities appeared, and only a slight increase in surface roughness could be observed. Fig. 7 . Light microscopy picture (left) of PAI/P1-silyl 1:1 (w/w), film spin coated from DMF solution (3 wt.-%) and irradiated for 5 min through a TEM net. Right: AFM picture (topography, tapping mode, picture exhibits an area of 10 x 10 µm) of irradiated and non-irradiated areas of the same film From these results we assume that the hyperbranched (hb) polymer was incorporated homogeneously in PAI and selective decomposition of the hb component was possible. However, we were not able to prove any nanopores. Furthermore, subsequent studies involving the preparation of a MIM (metal-insulator-metal) structure using etching techniques demonstrated that the PAI layer is not stable enough to survive the etching.
Finally we chose DVS-BCB (tetramethyldivinylsiloxane-bisbenzocyclobutane prepolymer) as matrix component which is used already in microelectronic applications, e.g. as packaging material, and which has to be cured to result in a stable polymer layer (Scheme 5, polymer precursor solution for ILD application is distributed by Dow Chemicals). The advantage of using an oligomeric precursor is the enhanced miscibility of the hb polymer and the precursor and a lower solution viscosity which allows to achieve highly concentrated solutions (up to 30 wt.-%) necessary to spin-coat very thick polymer layers (micrometer). In addition, the curing of the matrix polymer results in crosslinking and thus in insolubility and high mechanical stability. DVS-BCB crosslinks via a [4+2] cycloaddition reaction at 300°C which is favorable to have a low shrinkage upon annealing. However the thermal stability of DVS-BCB is limited. The degradation is starting at temperatures above 350°C.
Films of DVS-BCB with and without 16 wt.-% P1-p-silyl have been prepared on silicon wafers by spin coating, dried at 80°C, annealed at 300°C for 15 to 90 min under inert atmosphere. The films prepared in the presence of P1-p-silyl were thicker (2.6 µm) than pure BCB layers (1.3 µm) due to a difference of viscosity of the spin coating solutions. Both films had a reduction in film thickness of about 11 to 19% after the annealing (crosslinking and pore formation, respectively). Visually and using light microscopy ( Fig. 8) one could see that the BCB layers formed without pore forming P1-p-silyl had somewhat less defects and a smoother surface but nevertheless the cured film with P1-p-silyl looked very promising. Since the uncured oligomeric precursor is sticky one can not directly compare films before and after curing. Fig. 8 shows a phase image AFM picture of the cured mixture. One can see a certain surface structure with brighter spherical structures of about 10 nm. The phase sensitive image distinguishes between softer (dark) and harder (bright) areas. We assume that the brighter spherical areas correspond to a polymer material with a higher crosslinking density (like net points in a network). This could be explained by the formation of some cavities resulting from the former porogen between the net points. 10 nm is too big for these net points assuming molecular distribution of the porogen but due to the AFM technique used we have to assume that the structure detected by our AFM tip is much smaller in reality. Image analysis revealed about 9% of the surface appearing as dark spots. This correlates very well with the thermogravimetric results that approximately one half of the incorporated 1% porogen are degraded under the applied curing conditions.
A direct proof of any nanopores was also not possible in this case. We have to state that probably no regular pores but only irregular voids can form using hyperbranched polymers due to the relatively open structure of the branched molecules and the broad molar mass distribution.
Dielectric constant measurements
Films of DVS-BCB with 16% P1-silyl have been prepared on silicon wafers by spin coating, dried at 80°C, annealed at 300°C for 15 min under inert atmosphere, and tested for their dielectric properties [16, 22] . For this analysis, the polymer layer (0.5 to 2.5 µm) was prepared on an aluminium (1 µm) coated Si substrate in a so-called MIM arrangement. In Fig. 9 one can observe the upper Al metal layer (1 µm) which has been lithographically structured into squares of different sizes and subsequently etched. The resulting Al squares are the top electrodes for measuring the dielectric constants. The preparation of the resin blend BCB/P1-p-silyl was performed at a standard lab environment. The lack of a special clean room facility explains the significant increase in the defect density of the MIM devices. However the device yield was high enough to perform the electrical measurements. It is important to note that the crosslinked polymer layer (BCB after removal of the pore forming agent) was compatible with the lithographic process, the metal etching, and showed sufficient homogeneity and adhesion to the metal layers. The second Al-layer was prepared by sputtering after rinsing the crosslinked polymer layer for 10 min with N-methylpyrrolidone. After the lithographic process, Al-etching was performed with a mixture of concentrated phosphoric acid/acetic acid (7:1). and 4 x 10 6 V/cm was determined for pure DVS-BCB layers and the pore containing material (DVS-BCB + 16 wt.-% P1-p-silyl, cured), respectively. However, the properties of the polymer film are very sensitive to the temperature regime of the crosslinking/decomposition process, thus e.g. the decease of ε r could not be verified when the film preparation conditions were changed slightly. A detailed study on the verification of the pores and the reduction in the dielectric constant as well as the mechanical properties of the new low-k material is in progress.
Very positive was the observation that the annealed film, which contained P1-p-silyl, after annealing absorbed less water (<1%) than the pure crosslinked BCB film (<1.9%). We concluded that most of the polar components of P1-p-silyl were removed from the film upon the thermal treatment. Up to now, only the crosslinked BCB polymer could be successfully used as matrix for our labile poly(triazene ester) when applied in a microelectronic multilayer system. While also a homogeneous mixture of P1-p-silyl with the poly(amideimide) (PAI) was obtained, this blend system could not be incorporated into the lithographic process. The adhesion of PAI itself to Al was already lower than that of BCB and after thermal treatment of the blend layer PAI/P1-p-silyl, part of the polymer film fully lost contact to the substrate and measuring ε r became impossible.
We can conclude that hyperbranched polymers containing labile groups in the main chain are promising labile template substances in a stable polymeric matrix even though they are quite irregular molecules. Choosing the right matrix and the optimum between the crosslinking reaction of the matrix and thermal degradation of the hyperbranched polymer can lead to interesting low-k polymeric dielectrica in microelectronic multilayer systems. In addition, our poly(triazene ester)s allow beside the thermal degradation also a photochemical decomposition. Thus, if the thermal requirements of the microelectronic processes will be lowered in future, also low temperature pore forming processes are available and therefore polymeric dielectrica with lower thermal stability can be considered.
Experimental part

Materials
The starting materials were purchased from Fluka, Merck and Aldrich and have been used as received. For UV measurements, solvents of UV/VIS grade have been used. Absolute DMF (water <0 The synthesis of P1-OH and the corresponding monomers was described in detail before [18, 21] . The modification was carried out according to the following procedure: a) 2.53 g (10 mmol functional OH groups) of P1-OH have been dissolved in 10 mL abs. DMF, and 2.5 mL triethylamine were added. Then slowly a solution of 2.4 g tertbutyldimethylsilyl chloride TBDMS-Cl in 5 mL abs. DMF was added dropwise keeping the reaction at room temperature. The reaction mixture was stirred at room temperature for 48 h in the dark. The precipitated triethylammonium chloride was removed by filtration. The polymer could be recovered by precipitation of the DMF solution in 120 mL ice cold water and storage of the mixture for 24 h in the refrigerator (+4°C). The solution was decanted and the precipitate extracted 3 times with 50 mL methanol. The polymer was dried in vacuo at room temperature for several days. Yield: about 90%; degree of modification about 95%.
b) The polyester P1-OH was prepared according to ref. [18] from 2.526 g (10 mmol) of the AB 2 but without isolation procedure. After the required reaction time, the polycondensation mixture was filtered and 2.5 mL of triethylamine was added to the clear solution. Subsequently, the calculated amount of TBDMS-Cl was added (e.g., 2.4 g for 10 mmol monomer) and the polymer was worked up as described in (a). Yield: 2.23 g (64% based on the monomer) for P1-p-silyl and 2.05 (59% based on the monomer) for P1-m-silyl. The polymer used mainly for matrix incorporation had the following characteristics: P1-p-silyl, M n = 4 100 g/mol, M w = 7 400 g/mol (determined by GPC in DMAc/LiCl/ H 2 O, linear polystyrene standards), T g = 30°C, T dec., 5% = 187°C.
P1-p-
Measurements and simulation
Molecular modeling was carried out using the program CERIUS2 (version 1.5, Molecular Simulations Inc., Burlington, USA) and applying the force field UNIVERSAL 1.01 with charge equilibration [24] .
Molar masses of the polymers have been determined by size exclusion chromatography using a column combination ZORBAX PSM 60 and ZORBAX PSM 300 and a modular system (pump Mod.510 Waters, UV and RI detector Knauer). As eluent we used DMAc + 2% water + 3.0 g/L LiCl at a flow rate of 0.5 mL/min. Calibration was carried out with linear polystyrene standards.
Irradiation in solution and on a film was carried out using a xenon doped mercury arc lamp from Oriel with a premounted IR filter. The average power at the sample was 100 mW/cm 2 . The UV spectra were recorded on a Varian Cary 100 Scan UV/VIS spectrometer. Solutions of about 10 -5 mol UV active units were prepared in DMF for recording solution spectra. Thin films of the hyperbranched polymers were prepared by spin coating on silicon wafers with a defined oxide layer (145 nm). Spin coating conditions: 3 wt.-% solution in DMF for P1-OH and 6 wt.-% solution in methyl isobutyl ketone for P1-silyl at 1600 -2000 r.p.m. (resulting layer thickness: 110 -250 nm). All polymer films were dried in air for 24 to 72 h, and then the films were stored in an exsiccator under reduced pressure in the presence of P 2 O 5 .
A Variable Angle Multiwavelength Ellipsometer VASE TM (A. J. A. Woolam Co. M44) with a 75 W Xenon Arc lamp (angle: 75°) was used for ellipsometric analysis. Radiation below 400 nm was filtered with a glass filter (WG 360, Schott, Germany) before entering the polarizer and the sample surface, respectively. The data were evaluated using an optical model. Data for Si and SiO 2 have been incorporated already in the VASE software. The polymer layers were described by a Cauchy model.
For thermal analysis, a DSC 7 and a TGA 7 (both Perkin Elmer) were used, both with a heating rate of 10 K/min. The decomposition temperature was determined at 5% weight loss at air. For isothermal measurements the sample was kept for 120 min at 250°C in air.
A direct light microscope (ZS 100, Carl Zeiss GmbH) and a Nanoscope III, Digital Instrument (AFM, tapping mode, height and phase image pictures were taken) were used for investigation of the polymer films.
Dielectric constants were measured on thick films of BCB and P1-p-silyl also prepared by spin coating on a silicon substrate (1 cm 2 ). For this, high concentrations of hb polymer and matrix polymer were used: e.g. 40.6 wt.-% solution of BCB + 16 wt.-% P1-p-silyl in mesitylene at 1600 to 2000 r.p.m. (resulting layer thickness: 2300 -2600 nm). The films were dried as described above. The measurements were carried out at the Institut für Halbleiter-und Mikrosystemtechnik, TU Dresden, using a metalinsulator-metal structure on a cleaned silicon substrate consisting of an aluminium layer followed by the polymer layer and finally on top a structured aluminium layer prepared by photolithographic processes. The first aluminium layer was realized by sputtering of AlSi (p Ar = 5.0·10 -3 mbar, P = 2.0 kW, t = 30 min) on a cleaned silicon (cleaned by HF (Argon) sputtering at 13.56 MHz). Then the polymer layer was prepared by spin coating as described above. The polymer layer was kept for 15 min at 300°C (heating rate of 5.6°C/min, annealing of DVS-BCB and at the same time degradation of the hyperbranched polymer) at an oxygen partial pressure of less than 100 ppm. After the thermal treatment, the polymer layer was rinsed first with a freshly prepared water/NMP (4:1) solution, then with pure water, and finally dried in a Rinser Dryer. The second aluminium layer was realized the same way as the first one -by sputtering. This upper aluminium layer was structured by a photolithographic process: 22.1°C, humidity 45.5%, aqueous cleaning, drying on a hot plate at 80°C, coating with resin AZ 6612 at 3000 r.p.m., attempted layer thickness = 1.4 µm; softbake at 115°C for 1 min; mask ISOL-A2 03/04/94 (squares with 0.5 mm edges), irradiation time 3 s, development of the resin with developer AZ 726/MIF (organic) for 45 s; curing of the resin for 1 min at 120°C. The unprotected aluminium structures were etched with a mixture of phosphoric acid and acetic acid (7:1) at 55°C for 60 s. Finally the protecting resin was stripped by acetone (3 baths, each 2 min). The wafer was rinsed with water and dried in the rinser dryer, and the MIM structure was formed by a N 2 (98%)/H 2 (2%) stream at 300°C for 75 min. The wafers were stored at room temperature under nitrogen.
The dielectric constants have been determined at room temperature at 1, 10 and 100 kHz. For the calculation of the dielectric constant, or better the permittivity of the polymer layer, the following equation was used: The capacity was determined via a Schering bridge. The layer thickness was characterized via an alpha-stepper of Tencor after the layer was scratched, and in addition using a white light interferometer.
